A cDNA library from Chlamydomonas reinhardti, constructed in the phage expression vector Agtll, was probed with antiserum directed against the nuclear-encoded y subunit of the chloroplast H+-transporting ATP synthase [ATP phosphohydrolase (H+-transporting) or chloroplast coupling factors 0 and 1, EC 3.6.1.34] of C. reinhardtii. A cDNA was isolated and transcribed in vitro. The transcript was translated in vitro and immunoprecipitated with anti-ysubunit serum to yield a product that coelectrophoresed with the immunoprecipitated product from in vitro-translated polyadenylylated RNA. These proteins were larger than the mature y subunit, either immunoprecipitated as chloroplast coupling factor 1 or as the individual subunit. Thus, the y subunit is synthesized as a precursor of greater molecular weight in C. reinhardtii. Furthermore, the precursor protein encoded by the cDNA is imported into pea chloroplasts and processed to a lower molecular weight polypeptide that coelectrophoreses with mature C. reinhardtii y subunit. The largest cDNA isolated is about the same length as the corresponding mRNA (--1900 bases long) and probably contains the entire coding region. Southern blot analyses revealed restriction fragment length polymorphisms and that the y subunit is probably encoded by an intron-containing single-copy gene.
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enzyme (11) , and the mechanism of protein import into the chloroplast.
Chlamydomonas reinhardtii is a genetically malleable green alga (12) that contains one large chloroplast per cell. It is possible to isolate intact chloroplasts (13) (14) (15) that can import precursor proteins (16) . Precursors of the nuclearencoded subunits are difficult to detect in vivo since their half-lives are very short (9, 10) . The study of the import of these subunits and their assembly into the complex is most easily accomplished by using isolated chloroplasts; thus, it becomes essential to synthesize these proteins in vitro.
Toward this end, we have constructed a cDNA library from C. reinhardtii in the chimeric protein expression vector Agtll and cloned a cDNA for the precursor to the y subunit of CFo and CF1. While this work was in progress, Tittgen et al. (17) published work describing the isolation of a cDNA for the y subunit of the spinach ATP synthase. The two subunits probably fulfill similar roles in their respective complexes. Regardless of the degree of amino acid sequence homology, their nucleotide sequences should be markedly different since the nuclear DNA of C. reinhardtii uses codons biased toward a guanine or cytosine in the second and third positions (18) (19) (20) (21) .
Proton-transporting ATP synthases [ATPases; ATP phosphohydrolase (H + -transporting) or chloroplast coupling factors 0 and 1, EC 3.6.1.34] are a class of multisubunit enzymes found in energy-transducing membranes. The composition of these coupling factors 0 and 1 (F0-F1) type enzymes varies. For instance, the number of subunit types found in the Escherichia coli enzyme is less than the number of subunit types found in the chloroplast ATP synthase, which in turn contains fewer types than the mitochondrial enzyme (1-3). Nevertheless, the mechanism of ATP synthesis/hydrolysis, although unknown, appears to be conserved and, indeed, the catalytic subunits (a, I, and y) share conserved stoichiometries (4, 5) ; the f3 subunits, in particular, share conserved amino acid sequences (6).
The chloroplast coupling factors 0 and 1 (CFo and CF1) comprise the thylakoid-bound ATP synthase and together contain nine subunits (2, 3) of which three (y, 6 , and II) are synthesized in the cytosol and encoded by nuclear DNA (7). The initial translation products for these subunits presumably bear N-terminal transit sequences (8) (9) (10) , which are cleaved during import into the chloroplast. The ability to synthesize the nuclear-encoded subunits of the CFo and CF1 in vitro would aid in the study of their assembly into the holoenzyme, the possible turnover of subunits in the mature MATERIALS AND METHODS Library Construction. A cDNA library of C. reinhardtii strain 2137 polyadenylylated RNA was constructed in the expression vector Agtll as described (22) .
Screening. The Agtll library was screened with antibodies directed against the y subunit of C. reinhardtii CF1 after removal of E. coli cross-reactive antibodies (23) . Positive plaques were purified by rescreening three times.
Preparation of Antigens and Antisera. C. reinhardtii CF1 was purified as described (24) with slight modifications. The washed membranes, at 3.0 mg of chlorophyll per ml, were diluted 1:2 with a buffer containing 500 mM sucrose, 50 mM Tris SO4 (pH 8.0), 4 mM dithiothreitol, 4 mM ATP, and 2 mM EDTA (25) before the CF1 was extracted by swirling with 0.5 vol of redistilled chloroform. The phases were separated by centrifugation at 39,000 x g for 15 min and the aqueous phase was recentrifuged once before application to a DEAE Sephadex A-50 column. The eluted CF1 was concentrated and stored as an ammonium sulfate precipitate before use as an antigen. The subunits of CF1 were separated by preparative gel electrophoresis and the y subunit was electroeluted (26) from the appropriately excised portion of the gel after visualizing with KCI (27 
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Immunoblots. Samples of purified CF1 and whole C. reinhardtii cells were denatured in sample buffer and electrophoresed in a polyacrylamide gel. Two-thirds of the gel was transferred to nitrocellulose filter paper (4 hr, 60 V, at 40C) in a buffer containing 25 mM Tris HCI, 192 mM glycine, and 20% (vol/vol) MeOH; the remaining one-third was stained with Coomassie brilliant blue. The filter was blocked with 5% fetal calf serum in 50 mM Tris (pH 8.0) and 200 mM NaCl and then cut in half. Each portion was incubated overnight at room temperature with 7.5 ml of a 1:500 dilution of either anti-CF1 serum or anti-y-subunit serum. The antigen-antibody complexes were detected by incubating the filters with horseradish peroxidase conjugated to goat (antirabbit) antibodies followed by the addition of hydrogen peroxide and 4-chloro-1-naphthol to develop color. This detection procedure was carried out according to the manufacturer's instructions [Bio-Rad Laboratories, Richmond, CA; the Bio-Rad Immun-Blot (GAR-HRP) assay kit instructions] except that three washes of the filters occurred prior to adding a reagent, and 0.05% (vol/vol) Nonidet P-40 was included only in the first of these three washes.
Plasmids. The cDNA inserts were prepared by EcoRI digestion of Agtll DNA, agarose gel electrophoresis (28) , and freeze/thaw rupture and centrifugation of excised gel fragments (29) . The inserts were ligated into the EcoRI site of the polylinker in the plasmid pTZ18R (United States Biochemical, Cleveland, OH; Genescribe-Z technical manual) before transformation of the host cell JM101. Plasmids were isolated by alkaline detergent lysis of the host cells followed by polyethylene glycol precipitation (Promega Biotec, Madison, WI; technical manual on sequencing).
RNA Preparation. Total RNA and polyadenylylated RNA were isolated from C. reinhardtii strain CC 124 as described (30) .
Hybridizations. After electrophoresis, nucleic acids were transferred to GeneScreen filters by capillary action and fixed by UV irradiation (31) . Nick-translated probes (Bethesda Research Laboratories, Gaithersburg, MD; instructions for catalog 8162SA) containing [a-32P]deoxycytidine were hybridized to the filters at 65°C-68°C (31) and were visualized by autoradiography after washing.
Transcription/Translation. Plasmid templates were linearized with HindIII (28) GBq) in 30-,l reaction volumes. Polyadenylylated RNA from C. reinhardtii at 1 ,g per reaction mixture gave 20-30 times more acid-precipitable radioactivity than did a reaction mixture with no added RNA.
Immunoprecipitations. The immunoprecipitation of Na23sSO4-labeled cell extracts and in vitro translation reaction mixtures was performed essentially as described (30) .
Crude C. reinhardtii CF1 was prepared from 35S-labeled thylakoid membranes by chloroform extraction; the highspeed aqueous supernatant, brought to 200 mM NaCl, was immunoprecipitated with anti-CF1 serum without the addition of detergents. In all cases, the pellets of IgGsorb (The Enzyme Center, Boston, MA), which contained the antigenantibody complexes, were washed with 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 1 mM EDTA, and 0.5% Nonidet P40.
Prior to gel electrophoresis, the pellets were resuspended and heated in sample buffer containing 3% NaDodSO4, 2.5% 2-mercaptoethanol, and 8 M urea to solubilize proteins.
Gel Electrophoresis. NaDodSO4 denatured proteins were separated on discontinuous polyacrylamide gels (32) and 35S-labeled proteins were visualized by fluorography (33) . Denatured RNA was separated on 1.2% agarose gels containing formaldehyde, and DNA was separated on 0.8% agarose gels containing a Tris-borate buffer (28 (30) . The remainder of the cells were used to prepare crude thylakoid membranes by expulsion through the orifice of a cold (00C-40C) nitrogen cavitation bomb at 1000-750 psi (1 psi = 6.89 kPa) followed by differential centrifugation at 3000 x g for 45 sec. Three cycles through the bomb gave almost complete breakage; crude washed thylakoids and a CF1-containing extract were then prepared as described above.
In Vitro Import into Pea Chloroplasts. The preparation of pea chloroplasts and the in vitro import assays were performed as described (35) .
RESULTS
Immunoblots. Fig. 1 shows the specificity of the anti-ysubunit serum used during the screening of the Agtll library and of the anti-CF1 serum used for immunoprecipitations. The Coomassie-stained polyacrylamide gel shows purified CF1 and whole cell protein (lanes 1 and 2). Identical samples were electrophoresed from the gel to nitrocellulose filter papers and the (blocked) filters were probed with either anti-y-subunit serum or anti-CF1 serum. Antigen-antibody complexes were detected as described. This anti-y-subunit serum is highly specific for the y subunit found either in purified CF1 or in a background of cellular protein (lanes 3 and 4). Anti-CF1 serum is specific for the 4-subunit CF1 Proc. NaMl. Acad. Sci. USA 85 (1988) 1371 isolated from C. reinhardtii, either as the purified protein or in a background of cellular protein (lanes 5 and 6). The y subunit is recognized by the anti-y-subunit serum as well as by the anti-CF1 serum.
cDNA Isolation. The first screening of the Agtll library, containing 106 phage, yielded 25 positive signals. These regions were excised from the agar plates, and after three additional screenings, 14 purified phage remained. Of these, 9 were arbitrarily chosen. A reverse immunoblot (23) demonstrated that these cDNAs, when expressed, were able to specifically remove the anti-y-subunit antibodies from the anti-CF1 serum (data not shown). DNA was isolated from these phage (36) and digested with EcoRl prior to electrophoresis. The released inserts ranged in size from about 1300 to 1900 base pairs. The three largest inserts (approximately 1900, 1760, and 1360 base pairs) were excised from the agarose gel and were ligated into the EcoRI site in the plasmid pTZ18R (pTZ18R-yCFj-1A, pTZ18R-yCF,-4A, and pTZ18R-yCF,-9A, respectively); these three plasmids were used to transform E. coli strain JM101.
RNA Blot Analysis. The plasmids pTZ18R-yCF,-lA, pTZ18R-yCF,-4A, and pTZ18R-yCF,-9A and the host plasmid (pTZ18R) were nick-translated and used to probe total RNA from C. reinhardtii for hybridizing sequences (Fig. 2) . The plasmids that contained cDNA inserts hybridized primarily to a single RNA species from C. reinhardtii (Fig. 2,  lane 1 vs. lanes 2, 3, and 4) . Using a calibration curve constructed with ethidium bromide-stained RNA molecular weight standards (Bethesda Research Laboratories), this RNA was -1900 bases long and was about the same size as the largest cDNA.
Genomic Southern Analysis. Nick-translated cDNA (pTZ18R-yCF,-lA) was used to probe restricted and electrophoresed genomic DNA from two strains of C. reinhardtii. Strain 2137 (Fig. 3 Left) was the source of our cDNA library, and strain CC 124 (also known as 137c; Fig. 3 Right), when mated with strain 21 gr, produced strain 2137. The number and sizes of the bands in Fig. 3 were considered along with the ethidium bromide-stained patterns of the cDNA probe after restriction with the same enzymes followed by electrophoresis (the cDNA restriction data are recorded in Fig. 3 ). The HindIll, Pvu II, and Sst I/Sac I banding patterns generated with strain 2137 DNA (Fig. 3) are consistent with the 'y subunit being encoded by either a single-copy gene containing an intron or, alternatively, two closely linked gene copies. However, the Hinfl-and Pst I-derived banding patterns for strain 2137 DNA (Fig. 3) ments are generated for closely linked gene copies. A similar analysis of the banding patterns from the CC 124 digestions yields the same conclusion: the y subunit is probably encoded by an intron-containing single-copy gene that, in both strains, contains one Pst I and one Sst I/Sac I restriction site within the intron.
Interestingly these Southern analyses also reveal restriction fragment length polymorphisms. They are attributable to two differences between the strains. An insertion present in strain 2137 (and absent in strain CC 124) suffices to reconcile the differences in the lengths of the hybridizing fragments derived from the HindIII, Hinfl, and Pvu II digestions. Flanking the y-subunit gene in strain 2137, this insert must contain at least one HindIII and one HindI restriction site. The other difference can be ascribed to a second Pst I restriction site within the y-subunit gene in strain 2137. Thus, the larger hybridizing fragment derived from the Pst I digestion of strain CC 124 DNA is apparently split into two smaller hybridizing fragments in the Pst I digestion of strain 2137 DNA.
In Vitro Translation, In Vivo Labeling, and Immunoprecipitation. Three linearized plasmids were transcribed in vitro and the transcription products were isolated and then translated in vitro in the presence of [35S]methionine. The samples were electrophoresed in a 15% polyacrylamide gel before and after immunoprecipitation and 35S labeling was visualized by fluorography (Fig. 4) . The vector (pTZ18R) yielded translation products identical to the minus RNA control (lanes 7 and 5) ; in neither case did treatment with anti-y-subunit serum yield an immunoprecipitable product (lanes 15 and 13) . The plasmids pTZ18R-yCF1-lA and pTZ18R-,yCF1-lC contained the same cDNA insert in opposite orientations. The translation product from pTZ18R-yCF1-1C (lane 6) was indiscrete, of low molecular weight, and was not immunoprecipitated by anti-y-subunit serum (lane 14). However, in the other orientation, the transcribed cDNA was translated to give essentially one product (lane 2), which was readily immunoprecipitated with anti-)yBiochemistry: Yu et al. subunit serum (lane 10). Several smaller products, which appeared upon prolonged exposure, may represent miscued translation initiation/termination events (lanes 2 and 10). The major translation product derived from pTZ18R-yCF1-1A comigrated with the product, immunoprecipitated with anti-y-subunit serum, from in vitro translated polyadenylylated RNA from C. reinhardtii (lanes 1 and 9) . Both of these bands migrated above the mature y subunit immunoprecipitated either from detergent extracted cells with anti-ysubunit serum (lanes 3 and 11) or from a crude CF1-containing extract with anti-CF1 serum (lanes 4, 8, and 12 ). This presumed precursor of the y subunit has an approximate molecular weight of 42,000. Since the mature subunit has a molecular weight of =38,000, the precursor to the y subunit probably carries an amino-terminal transit sequence of -30 amino acids.
Import into Pea Chloroplasts. Plasmid pTZ18R--yCF1-lA was transcribed in vitro and the transcription products were translated in vitro in the presence of [35S]methionine. The reticulocyte lysates were incubated with pea chloroplasts in vitro and, after 20 min at 25°C, the suspensions were treated with protease or with buffer alone. The chloroplasts were then reisolated from a Percoll gradient, dissolved in sample buffer, and electrophoresed in a polyacrylamide gel. Radiolabeled products were visualized by fluorography (Fig. 5) . The reticulocyte lysate, containing the pre-y subunit (lane 1), also labeled an indigenous protein that migrated just below the ,8 subunit of the C. reinhardtii CF1 (lane 2). In the light or in the dark, the precursor bound to chloroplasts (lanes 3, 5, and 7) in a protease-sensitive manner (lanes 4, 6, and 8 ). In the presence of light or exogenous ATP, faster-migrating polypeptides appeared that were resistant to thermolysin and presumably imported (lanes 3 and 5 vs. lanes 4 and 6). When the reticulocyte lysate was first depleted of nucleoside triphosphates (by the addition of glucose and hexokinase), chloroplasts incubated in the dark bound the precursor but did not process it (lane 7) . The largest of the exogenous protease-resistant (imported) polypeptides comigrated with the mature y subunit found in the C. reinhardtii CF1 (lane 1).
DISCUSSION
In this article, we show that we have isolated a cDNA for the pre-y subunit of the thylakoid ATP synthase from C. reinhardtii. Our largest cDNA (pTZ18R-yCFj-1A) probably contains the entire coding region for this nuclear-encoded subunit and does contain sufficient information for the in vitro-synthesized polypeptide to be transported into and processed by energetically competent pea chloroplasts.
We screened our cDNA library, constructed in the expression vector Agtll, with a highly specific antiserum directed against the y subunit (Fig. 1) . After selecting and rescreening promising phage to homogeneity, cDNAs were cloned into the transcription/sequencing plasmid pTZ18R. The hybridization of nick-translated cDNA to a sample of total RNA from C. reinhardtii shows that our largest cDNA was approximately the same size as the corresponding mRNA (Fig.  2) .
Southern blot analysis of strain CC 124 and its F1 progeny strain 2137, from which the cDNA library was constructed, suggests that the pre-y subunit is encoded by an introncontaining single-copy gene (Fig. 3) . Furthermore, the Southern blot analysis of these two strains reveals restriction fragment length polymorphisms consistent with a flanking insertion and the acquisition of a restriction site in strain 2137. With an array of phenotypes, these polymorphisms could be used as markers in the mapping of the pre-y-subunit gene.
The electrophoretic mobilities of immunoprecipitated polypeptides, translated in vitro or in vivo, show that the y subunit is synthesized as a larger precursor and that our cDNA probably encodes the entire length of this polypeptide (Fig. 4) . Our gel system cannot resolve proteins of only slightly different molecular weights; it remains a possibility that our cDNA does not contain the entire coding region for the pre-y subunit. Confirmation of the length and information content of our cDNA must await its sequence determination.
Nevertheless, the precursor to the C. reinhardtii y subunit is imported by energetically competent pea chloroplastsi.e., it is removed to a protease-protected space in the dark, provided that (Mg)ATP is present, or in the light (Fig. 5) . Furthermore, this import is associated with the processing of the precursor to a product that comigrates with the mature y subunit from C. reinhardtii. Thus it appears, although we are not certain, that the amino-terminal transit peptide is faithfully removed by the pea processing enzyme. Within the chloroplast, the locations of the imported mature-sized polypeptide and the smaller degradation products are unknown.
In C. reinhardtii, the rate of subunit turnover in CF1 is low and the pool sizes of unassembled CF1 subunits are <1% of the total pool sizes (11) . If pea chloroplasts can synthesize significant amounts of the ATP synthase subunits encoded therein during a 20-min import assay, the lack of the other nuclear-encoded subunits, 6 and II, would probably limit the assembly of complete CFO-CF1 complexes. Schmidt and Mishkind (37) have shown that newly synthesized and imported small subunits of ribulose-1,5-bisphosphate carboxylase [3-phospho-D-glycerate carboxy-lyase (dimerizing), EC 4.1.1.39] are degraded in cells of C. reinhardtii treated with chloramphenicol. Presumably, a lack of free large subunit, which precludes assembly of the holoenzyme, triggers the selective proteolysis of the unassembled small subunit. Thus, even with a homologous import system one might expect the degradation of the y subunit once it has been imported into chloroplasts. In our heterologous import system, it would not be surprising if the C. reinhardtii pre-y subunit is not assembled into the holoenzyme, but rather is degraded after import into pea chloroplasts.
